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Methods of studying scale defect structures and
transport properties

Determining the crystalline sublattice with the predominant
disorder (e.g. marker method)

Determining deviation from stoichiometry in the compound
that constitutes the scale

Determining the type and concentration of point defects in

the compound that constitutes the scale (defect structure)

Determining the mobility of the defects that constitute the

scale (transport properties)



Methods of studying deviation from
stoichiometry in compounds constituting a scale

e Direct gravimetric method

 Rosenburg method

* Volumetric or manometric method
 Chemical analysis of the scale composition
* Electrochemical method

 Redox method

 Roentgen method



Direct gravimetric method in deviation from
mJJ stoichiometry studies

Example I:
MeX, predominant disorder in the cation sublattice

Experimental stages:

« Weighing the studied metal sample: m,,, — initial sample mass
 Complete oxidation of the metallic sample: my, — sample mass

change
« Determination of the molar ratio of the metal to the oxidation in the
scale compound: m,./ M,
m, / M,
<1 =1 > 1
Me, X MeX Me,, X

My and M, — molar mass of the metal and oxidant, respectively



Direct gravimetric method in deviation from
mJJ stoichiometry studies

Example Il
MeX, predominant disorder in the anion sublattice

Experimental stages:

* Weighing the studied metal sample: m,,, — initial sample mass
« Complete oxidation of the metallic sample: my, — sample mass
change

« Determination of the molar ratio of the metal to the oxidation in
the scale compound:

mMe / M Me
m, / M,
<1 = >1
MeX,.y MeX MeX,,



Direct gravimetric method in deviation from
mJJ stoichiometry studies

Example Il
Me_X,, predominant disorder in the cation sublattice

Experimental stages:

* Weighing the studied metal sample: m,,, — initial sample mass
« Complete oxidation of the metallic sample: my, — sample mass
change

 Determination of the molar ratio of the metal to the oxidation in the
scale compound:

mMe/ MMe
m, / M,
<alb =alb > alb

Me, X, Me_ X, Me,. X



Direct gravimetric method in deviation from
MUJ stoichiometry studies

AGH

Example IlI:
Me_X,, predominant disorder in the cation sublattice, cont.

my./ M.
m, / M,

a
‘b = Me, X,

a- y_ mMe/MMe
b mg /M,

~ bimy, / My,
m, / M,

y=4a




Rosenburg method in deviation from
mJJ stoichiometry studies

This method will be presented in the section
on scale transport property studies




Determining the type and concentration of point
mmm defects in the compound constituting a scale
Example:
Mn, S, predominant disorder in the cation sublattice
10-3_""I ! L ! L ! L
L Mn, S y ~ p/® .
(M S > T=1273K
y = 1— Myin Vs - 1
Mg My, T=1173K
T=1073 k
. _
T=973K
104 -
T 107
y =[Viin] = 4430072 pZ® exp( _410 ;JT /mol p(S,) /Pa

S. Mrowec and Z. Grzesik, "Nonstoichiometry and-ddfusion in "o -MnS", Solid State Phenomen&, 69-78 (2000).

S. Mrowec, Z. Grzesik, "Defect concentration arelrtmobility in nonstoichiometric manganous sul@idSolid State
lonics, 143, 25-29 (2001).



Determining the type and concentration of point
M]JJ defects in the compound constituting a scale

AGH
Example:

Mn, S, predominant disorder in the cation sublattice, cont.

410kJ/ molj
RT

T

%SZ = Vin +S5 %Sz < Vll\/ln +h" +S5 %52 o Vll\'/ln +2h" +S%

y =[Viin] = 443007%pg’e p(

il bl balpTor
Viol =kt [V ]=[n] ofvi]= ]

[VI</In] = K" Ipg’ [Vh'ﬂ'n] = 0.63K"°[pg°



Determining the type and concentration of point
mmﬂ defects in the compound constituting a scale

AGH

Example:
Mn, S, predominant disorder in the cation sublattice, cont.
N - 41,0 kJ / mol
y =[Viin] = 4430077 pe? exp( e j

%SZ = VII\|/In +2h° +Sé

[VI(/'In] [ﬁh.]z ps?= K= exp{— ARC?II) = exé%} DexE)— ARH_If)

2| Viu] = [1]
n = K] = /6 ﬁ _AHf
Vi ] = 3[n] = 063pY [éx;{ 3Rj Dex;é 3RTj

AS and AH; — entropy and enthalpy of defect formation
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Scale transport properties

defect diffusion coefficient [cm?st]; describes
defect mobility in thermodynamic equilibrium
conditions for the compound that constitutes the
scale

chemical diffusion coefficient [cm?s]; describes
defect mobility in conditions of a defect
concentration gradient, i.e. in non-equilibrium
conditions

self-diffusion coefficient [cm?s]; describes atom
(ion) mobility in the compound that constitutes the
scale



MJ Correlations between the diffusion coefficients

lﬂ

AGH

~ dIn N,

D, = D4[N D.=2D
e ; dinp,_

DMe[CMe:Dd[Cd l

C C N = (1+

Dy B = D, = D = (1+[p)D,
CMe+Cd C|\/|e-|-Cd

Cp>C, > D,.=D,[N,

C, — defect concentration
Ny — molar fraction of defect concentration
P — degree of defect ionization



> < = Q
=k S €

Scale transport properties

D, = aaw

g
o -asmvonf 5 -2

2 \/ﬂ
T[ao
geometric coefficient
jump frequency
distance traveled by an atom during a jump
transition coefficient
frequency coefficient

activation enthalpy of defect diffusion
metal molar mass

W =KV exp{




Gravimetry in scale defect structure and
transport property studies




Scheme of a thermogravimetric apparatus for studying
metal sulphidation kinetics in sulfur vapors

Inlet
He

L

Flowmeters

Microbalance

Gas purifier

I

dynamic conditions

Zro,
probe

\

I

Sulphur

bath (1)

Sulphur trap

Reaction
furnace

Sulphur
bath (II)
Mn Rotation
um
Li,S pump
Sulphur trap

Z. Grzesik, S. Mrowec, T. Walec, J. Dgbek, J. Therm. Anal. Cal., 59 (2000) 985



NJJ Main advantages of the apparatus

e sensitivity: 0,1 pg

 possibility of performing rapid sulfur vapor

pressure changes

» possibility of performing long-term measurements



Pressure dependence of the manganese
“]JJ parabolic sulphidation rate constant

O

O Danielewski, 1986
® Gr;esik,ll999I

10-9 . \ . \
109 101 102 103 104 10°

Z. Grzesik, S. Mrowec, T. Walec and hlBk, "New microthermogravimetric apparatus, kiret€metal sulphidation and
transport properties of transition metal sulphigddstirnal of Thermal Analysis and Calorime&§, 985-997 (2000).



Sulphidation kinetics of Mn during a rapid change in
“]JJ sulfur vapor pressure

| T =1000°C

ps, = 30 Pa

180 | 210 | 240
time /min

Z. Grzesik, "Wihasngci transportowe zgorzelin siarczkowych powsgtggh w procesie
wysokotemperaturowej korozji metali”, Ceramiléd, 1-124 (2005).



Schematic illustration of the microthermogravimetric
Mmm apparatus for studies in H,-H,S mixtures
AGH
Flowmeters
Manor\neter Microbalance
\:: & T ‘F| Sample
Pump
Out
_ A Furnace | f
-g“ el X I
g; % nel BN % Bulbs
: s T
: S Mixer
S

Z. Grzesik, "Wilasngci transportowe zgorzelin siarczkowych powstggch w procesie wysokotemperaturowej koroz;ji

metali”, Ceramika@7, 1-124 (2005).



Methods of studying transport properties

 reequilibration method (relaxation)

 two -stage oxidation method (Rosenburg)

S. Mrowec and K. Hashimoto, J. Materials.S80, 4801 (1995)

Z. Grzesik and S. Mrowec, "Kinetics and thermodyianof point defects in nonstoichiometric metal
oxides and sulphides. Microthermogravimetric studyTherm. Anal. Cal90, 269-282 (2007).

Z. Grzesik, S. Mrowec and T. Walec, J. Phys. CHg&afids,61, 809 (2000).

Z. Grzesik, "Wihasngci transportowe zgorzelin siarczkowych powsgtggch w procesie
wysokotemperaturowej korozji metali”, Ceramiléd, 1-124 (2005).

A. J. Rosenburg, J. Electrochem. S40Z7, 795 (1960).
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M Reequilibration method — result analysis

AGH A (2n+1)2T[2|5t

Z exp| — :
Amk n=0 (2n +1) Aa

D /a2 > 0,2: ,_Dm _ 8 (_5T{2t]

Amk T|2 P 4a2

_Amg) _ 8 _BT[Z’[

In(l Amkj_lnT[Z 452

where:

Am, — sample mass change after a certain amount of time,  t
Am, — total sample mass change

a — half of the sample thickness

D - chemical diffusion coefficient.



Theoretical reequlibration procedure

0,5
0,4}
e
< 03y
=
< 0,2F
\n
(@)
L2 0,1F .
! <— complete solution (n = 20)
O . l . l . l . l .
0 20 40 60 80 100

Time /s



NJJ Two-stage oxidation method (Rosenburg)

. Il sulphidation stage

- > -— >

AM/S

time
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AGH

Two-stage oxidation method — point defect concentration
distribution in a Me,  X-type scale

| sulphidation stage
T = const; p” = const
Metal
C”L
Cd
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AGH

Two-stage oxidation method — point defect concentration
distribution in a Me,  X-type scale

Thermodynamic equilibrium state
T = const; p’ = const
Metal
C’}
Cd
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Two-stage oxidation method

M“]JJ — results analysis
AGH o _ N
C(x) =Co +(Cx - CO)XLO +% S COS(:H) o sin( r;(TZ(J exp[— n2>T<[22DtJ +
n=1 0

A
+4C0 > 1 Sin(2m ):r Drx eXp[_(zm + )(1)2 nthJ
0

00 —~ 2
dt:_zc:kxOZ L Hexo _ Dn?t |y
n° n? X 2

DCt , 4CXo &> 1 exo _bre(em+1)t|
X e 2 %2
0 m=0(2m +1) .
Ng = okt 4 20k da t>X2/2D
X, 3

da t<<X3/D

L = 2C, /Dt
N
Tt



Two-stage oxidation method
— results analysis

AGH
2
= _ [ 1128k X,
kp
2
kp
128
Cq = .
k) Xo
where:

~

D — chemical diffusion coefficient, C , — defect concentration, X , — scale
thickness in the | stage of oxidation, k., (gcm2s%°) i k, (gcm 2s') — straight
line coefficients plotted in the parabolic and linear syste m, respectively.



Description of scale transport property studies
on the example of manganese sulfide




m]JJ Mn,_, S — deviation from stoichiometry measurement

@

GH Rau, 1978 — indirect method
y =[Viin] = 4770072 pg? exp( _4Hs II;JT/ molj

H. Rau, J. Phys. Chem. Soli®§, 339 (1978).

Own research — direct method

|. Microthermogra vimetry
— Mmn [MS
Mg [MMn

y =[Viin] = 4430072 pg? exp(

y=1

_410kJ/ molj
RT

ll. Two-stage sulphidation

_420kJ/ molj
RT

Z. Grzesik and S. Mrowec, "Kinetics and thermodyrmanof point defects in nonstoichiometric metaldes and
sulphides. Microthermogravimetric study", J. TheAmal. Cal.,90, 269-282 (2007).

y =[Viin] = 5410107 pg? exp(



Temperature dependence
mJJ of the self-diffusion coefficient

AaH T /K
18731473 1073 673

L : : | : . T
Saarczki
10—6 CFeO?ZE)l)i) Chosy 3(8) Niy S’_C(S) Fe,,S  1Conditiwsp., 1974
R

2 Smeltzer i wsp., 1979
L \‘\
N\
A}

3 Mrowec i wsp., 1982
108 "y
NS

Co, .S 4Mrowe(:|wsp 1998

Ni_ s 5 Klotsman i wsp., 1963
y 6 Fueki i wsp., 1968
7 Bastow, Wood 1975
Cr,,,5 8 Mrowec i wsp., 1985
Mn, ys 9 Mrowec i wsp., 1999
Mos,, 10 Rau, 1980

Nb, s 11 Gesmundo i wsp., 19

NO (13,14 ™ Mn,_s (9) - - = Tlenki
(11) Fe,,O 12 Desmarescaux i wsp., 19b5
1+y > Co O 13 Mrowec, Grzesik, 2003

MoS, . (10) W14 Mrowec, Przybylski, 1977]

Ni, O (15,16,17) Ni, O 15 Haugsrud, Norby, 1998
vy 16 Mrowec, Grzesik, 2004
10-14 | \ 17 Volpe, Reddy, 1970
‘.}\ Cr,,,O; 18 Lillerud, Kofstad, 1982
R ' Cr +yo (18) Mn, O 19 Peterson, Chen, 1982

y
' Cuz_yo 20 Haugsrud, Norby, 1999

16 \ \ \ \ | \ \ \ \ | \ \ \ \ | \ \
10 5 10 15 20

TL10t /Kt

Z. Grzesik, "Wihasngci transportowe zgorzelin siarczkowych powstsigh w procesie wysokotemperaturowej korozji
metali", Ceramika87, 1-124 (2005).
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Mn, S — reequilibration kinetics
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Comparison between experimentally determined
L{IW]JJ and calculated kl’O values of manganese sulfide

AGH

ki =Dy

|. Kinetics of Mn sulphidation  (experiment)

127,0 kJ/moI) 5 —1
- cm-s
RT

ki, =349010° pg’ exp(

Il. Reequilibration and deviation from stoichiometry (calculations)

ki, =2,090107° [pg. exp(— 1235kJ/ molj cm?s™?

RT

lll. Two-stage sulphidation (calculations)

124.4 kJ/molj _
- cm-s

k' =262010 2 pL6ex (
P @352 P RT



Image of the surface and cross-section
mJJ of a sulfide scale on manganese

T =1000 °C,
p(S,) = 103 Pa,
t= 240 h

surface

fracture

www.agh.edu.pl

Z. Grzesik, "Wihasngxi transportowe zgorzelin siarczkowych powstgigh w procesie wysokotemperaturowej korozji
metali”, Ceramika87, 1-124 (2005).
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Projection of the MnS crystallographic structure
in the (100, direction
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Comparison between the sulphidation
MM and oxidation rates of metals

AGH T / OC
1200 1000 800 600
! | ! | ! | ! |

L %
Ni
-6
107 T kpa Fe W
R

— - Co 10 kPa Co
v(/) . \
LEJ 10 i Nbl kPa
N : \
@) Cr
—~ -10 L .
Q]'O m
I 0,1 kPa Mo Przybylski, Potoczek, 1993
Oxidation

104+
Fe Footner et al, 1967
Ni Mrowec, Grzesik, 2004

Co Mrowec, Grzesik, 2003
Cr LiIIerud,I Kofstad, 1980

Sulphidation

Fe Mrowec et al., 1980
Ni Mrowec et al, 1962
Co Mrowec et al, 1998
Cr Mrowecet al, 1987
Nb Danielewski, 1988

10-14 . | . |
6 8 10 12 14

T110* /K?



Pressure dependence of deviation from stoichiometry

mmm in Nb,,,,S,

AGH
0.4}
0,3}
> 1000 °C
02t
900 °C
800 °C
|\|bl+y82
0’1 L L L L L L
10° 10% 10° 102 10t 10° 10t 107

ps. /Pa



Temperature dependence of D for selected

metal sulfides and oxides

&
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107/

1078

T /°C
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——— Oxides
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Nb,.,S, — temperature dependence of D

AGH
T /1°C
10_4 : .].'40.0 . IlOOOI 600
MnSNiS
|00 FeO FesS VoS
SEON . 0S, .
10 \\“\\\\\\ * Cr253
Fesoh\\\\\\:\\
'6 = \\\ \\\:\ . -
10 Nb O . Ni5S,
o 255 N \ % NIO\ el
o~ i MnO
=10 7L CoS i
(®]
Q.
1008 -
10-9 i NbS2 i
'10 1 N 1 1 1
10 6 8 10 12
1. 10* /K1

Z. Grzesik, S. Mrowec, "On the sulphidation meckanbf niobium and some Nb-alloys at high tempeestyr
Corrosion Sciencé&0, 605-613 (2008).
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Perspective projection of 2H-NbS, crystallographic
“]JJ structure in the (100 direction )

gh.edu.

www.agh




www.agh.edu.pl

Perspective projection of Nb,,, S, crystallographic
structure (for y = 1/3) in the (100 direction)




mJJ Temperature dependence of D for nickel and cobalt sulfides

M

AGH
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Comparison between experimental
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Comparison between experimental

mmjj and calculated K, values for Co,S,
AGH
T /°C
800 | 700 | 600
pSZ (CogSq / CoS)
O
» 10°F
&
o
Na
m k_ calculated o
109 p
) kIO experimental

10 11
T1.104 /K1



Comparison between experimental
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SEM images of sulfide scales
formed on cobalt and nickel
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Projection of Co,Sq crystallographic
structure in the (100) direction
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Projection of NIS crystallographic
structure in the (100) direction




THE END



